> Partial denervation of muscle is followed by collateral sprouting of surviving nerve fibres close to their terminations. The histological evidence for this process in animals has been reviewed by Edds (1953) , and full references to the early animal experiments in this field are given in his paper. Collateral sprouting in human muscle was first described by Coers (1955) and by Wohlfart (1955) and has been the subject of much recent work, notably by those who have used methylene blue to stain the terminal innervation in muscle specimens taken at biopsy (Coers and Woolf, 1959; Harriman, 1961) . Collateral sprouting of intramuscular nerve fibres has the effect ,of incorporating denervated muscle fibres into surviving motor units. This results in an increase in the amplitude of motor unit action potentials (Yahr, Herz, Moldaver, and Grundfest, 1950) and an increase in motor unit territory (Erminio, Buchthal, and Rosenfalck, 1959) . The studies described above were mainly concerned with the terminal parts of the intramuscular nerves, and the evidence for collateral sprouting in the proximal parts of nerve fibres is much less satisfactory. Edds himself failed to find any evidence of v this in the rat; his technique was to divide one of the roots contributing to the sciatic nerve and then to carry out total counts of myelinated fibres at different levels of the nerve trunk. Subsequently Causey and Hoffman (1955) repeated these experiments using the electron microscope to demonstrate fine nonmyelinated fibres. By this technique they observed s, collateral sprouts growing out from surviving fibres, but were doubtful whether these ever made functional connexion with muscle. By means of silver staining, Wohlfart (1958) also demonstrated fine collateral 4 sprouts in the nerve trunks of patients with poliomyelitis and motor neurone disease. These collaterals appeared to remain immature even in patients whose t poliomyelitis had occurred many years before, and it was -considered unlikely that such sprouts ever succeeded in reinnervating muscle fibres. After division of a peripheral nerve, however, it is known that regenerating nerve fibres produce many branches, particularly at the site of injury (Ramon y Cajal, 1928) . Quantitative studies have been carried ' In receipt of a personal grant from the Medical Research Council. 1 out by Shawe (1955) who estimated that after nerve crush in the rabbit the fibre content of the distal nerve trunk was increased by 50% compared with nerve above the crushed segment. References to the branching of regenerating nerves distal to the point of injury may be found in the works of both Ramon y Cajal (1928) and of Nageotte (1932) Motor fibres to the small muscles of the hand were stimulated through a cathode placed on the skin over the course of the median or ulnar nerve at the wrist, the anode being a metal plate on the dorsum of the wrist or forearm. The stimulus was a condenser discharge with a timeconstant of 100 psec, delivered through a 1:1 isolating transformer, the output impedance being 500 ohms. Stimulus voltage was continuously variable up to 300 V. For convenience the stimulator was set to repeat at one second intervals, except on the occasions mentioned in the text when repetitive trains at higher frequency were used. When pairs of shocks were required to measure refractory periods, two stimulators were used as described by Gilliatt and Willison (1963) . Pulses from a digital timing unit (Pitman, 1958) were used to trigger the stimulators and the oscilloscope sweep. It was therefore possible to display late events on a fast sweep, thus improving the accuracy of latency measurement for potentials occurring 15-30 msec. after the stimulus. An example of this is shown in Figure 10 .
Muscle action potentials were recorded from abductor pollicis brevis, abductor digiti minimi, or the first dorsal interosseous muscle, through either surface or coaxial needle electrodes. For surface recording, the active electrode was placed over the most prominent part of the muscle belly and the remote electrode over the tendon at the base of the digit. Muscle action potentials were amplified, displayed on a cathode ray tube and photographed, the apparatus and technique being similar to those described in previous papers (for references see Fullerton, 1963 Fullerton, , 1964 .
RESULTS

LATENCIES OF THE M AND F WAVES When the median
or the ulnar nerve in a healthy subject is stimulated at the wrist and the muscle action potential recorded from one of the small muscles of the hand, the direct response or M wave is followed by a much smaller deflection known as the F wave (Magladery and McDougal, 1950) . The latency of the M wave represents the conduction time from wrist cathode to muscle, and varies with the particular hand muscle examined and the site and type of recording electrode used. Values of 2 to 4 msec. have been obtained with surface electrodes (Carpendale, 1956; Fullerton, 1963) whereas coaxial needle records have given slightly higher values (Ebeling, Gilliatt, and Thomas, 1960; Thomas, 1960) .
Originally it was thought that the F wave was due to a reflex response caused by stimulation of rapidly conducting muscle afferent fibres, but recently it has been established that it is due, at least in part, to antidromic excitation of motoneurones by the ascending volley in motor fibres. This was first suggested by Dawson and Merton (1956) on the basis of experiments in man, and it has recently been confirmed by Wiesendanger and Gassel (1964) This apparent abolition of the response by a strong shock, which was a characteristic feature of axon reflexes in records taken with surface electrodes, was easily explained when a coaxial needle was used for recording, as it was then possible to adjust the position of the needle so that the axon reflex response was larger than the M wave. When this was done it was clear that the effect of a strong shock was not to abolish the potential but to cause it to occur with a much shorter latency (Fig. 6) .
In Fig. 6a a weak shock produced a small early deflection (the M wave) followed by a large polyphasic potential with a latency of 17 msec. In Fig. 6b stimulus intensity was slightly increased and it can be seen that out of five superimposed responses, four occurred at 17 msec. whereas one occurred at 9 msec. In Fig. 6c Fig. 6c the stronger shock was sufficient to excite both branches simultaneously, resulting in direct propagation from wrist to muscle (Fig. 7) .
This interpretation was confirmed by further experiments in which conduction velocity was measured separately for the afferent and efferent branches of the reflex arc. Results from two patients are contained in Table II and illustrative records from one of them are shown in Figure 8 . In this Fig. 9 shows the axon reflex response (AR) which appeared between the M and F waves when the ulnar nerve was stimulated at the wrist. The response AR is shown in greater detail in Fig. 10 a-d , the stimulus being applied at four different levels in the forearm and arm. In a the stimulus was applied at the wrist, in b 4 cm. above the wrist; in c the stimulus was applied at the elbow and in d 4 cm. higher still. It can be seen that when the stimulating cathode was moved from a to b the latency of the response AR grew shorter, whereas when the stimulus was moved from c to d the latency lengthened, from which it may be concluded that the branching of the motor fibre concerned was in the forearm Between b and c.
This was confirmed by the observation that with stimulation through cathodes a and b the response AR disappeared when stimulus intensity was increased, whereas with stimulation through cathodes c and d the response was unaffected by increased stimulus intensity. Since the site of nerve damage in the patient D.B. was in the brachial plexus, this provides a further example of axon branching below the level of the lesion. A similar result was obtained in the patient B.B. for the axon reflex shown in Figure 6 .
Although the evidence is less conclusive than in the patients cited above, it also seems from the latencies and conduction velocities of the patient F.P. shown in Table I Fig. 11 , which is a record from the patient D.B. taken on the same occasion as Figure 8 . In Fig. I la the stimulating voltage was just below threshold and in Fig. 1 lb just above threshold for the axon reflex, but there is no change in the early deflection which must therefore be due to the activity of unrelated motor units. Similar results were obtained from three other patients, from which it may be concluded that when an axon branches in its proximal part, the two branches do not usually terminate close enough to each other for the action potentials of both groups of muscle fibres to be recorded through the same coaxial needle electrode. Our results do not indicate whether the two branches usually supply different parts of the same muscle or whether they terminate in different muscles supplied by the same nerve.
THE EFFECT OF REPETMVE STIMULATION In four
patients the effect of repetitive stimulation at rates of 30 to 40 per second was studied. In each case the axon reflex was unaffected by three-second periods of stimulation at these frequencies.
In addition, paired shocks were used in three patients to determine the refractory period of the axon reflex. Both shocks were delivered to the ulnar nerve through a single wrist cathode, the stimulus intensity of each being 20-25 % above threshold for the response. Stimulus intervals of 1P0, 2-0, and 3 0 msec. were used. Results were similar in the three patients; there was no response to the second shock when it was delivered 1 msec. after the first, but the response was present when the stimulus interval was 2 or 3 msec. At short intervals the presence or absence of a second response in a single fibre would be expected to depend upon stimulus intensity, a strong shock giving a response at a time when a weak one would fail to do so. In two of the patients it was not possible to increase stimulus intensity, as this caused the axon reflex to disappear altogether, but in the third patient the axon reflex could be obtained over a much wider range of stimulus intensity so that the effect of weak and strong shocks could be compared. The results of this procedure are illustrated in Fig. 12 , which shows records taken with a coaxial needle electrode from the patient D.B. In Fig. 12a the intensity of S2 was similar to that of Si, both being 20 to 25 % above threshold; it can be seen that there was no response to S2 when this was delivered 1 msec. after SI, although there was an axon reflex response (latency, 15-4 msec.) when either shock was delivered alone. Figure 12b shows that when the intensity of S2 was increased to between two and three times threshold, a second response was present at a stimulus interval of 1 msec. This response showed an increase in latency and a decrease in amplitude, presumably due to conduction in partially refractory nerve and muscle.
INCIDENCE OF AXON REFLEXES Responses due to axon reflexes were found in nine of the 25 patients examined (Table III) . They were present in half of Diagnosis Cervical rib syndrome Ulnar lesion at elbow Polyneuropathy: Diabetic
Guillain-Barrf6
Motor neurone disease (Granit and Skoglund, 1945) . However, they are unlikely to have been responsible for our results for a number of reasons.
The responses which we have studied have shown a constant latency and waveform in successive sweeps; they have followed rapid rates of stimulation without fatigue, and have been elicited by paired shocks at intervals of 1 or 2 msec. These properties are not those of artificial synapses and they must, we think, imply the presence of axon branching.
Anatomical evidence suggests that some branching occurs in the proximal parts of normal nerve fibres in both man and animals (Sunderland and Lavarack, 1953) . In man, anatomical studies have been confined to the sensory nerves (Lavarack, Sunderland, and Ray, 1951) , but in the cat Eccles and Sherrington (1930) The alternative theory, that branches are formed by terminal sprouting as the tips of regenerating axons grow towards the periphery, is supported by the work of Esslen (1960) , who examined patients with traumatic peripheral nerve lesions and who was able to record the synchronous discharge of motor units in different muscles after reinnervation. One of his patients showed synchronous activity in orbicularis oculi and zygomaticus when examined 18 months after complete facial paralysis due to a head injury. Another patient showed synchronous activity in adductor pollicis and the second dorsal interosseous muscle, 14 months after suture of a divided ulnar nerve above the elbow. Although the presence of axon reflexes was not confirmed by electrical stimulation, Esslen's results suggest that axon branching had occurred during regeneration, resulting in the innervation of widely separated groups of muscle fibres by the same anterior horn cell.
SUMMARY
The muscle action potentials evoked by stimulation of the median or ulnar nerve at the wrist have been recorded from the small hand muscles of healthy subjects and patients with wasting due to chronic partial denervation.
In patients with partial denervation, impulses initiated by a shock at the wrist sometimes appeared to ascend the arm for a certain distance and then return to the hand, the muscle action potentials occurring after a delay which could be shortened by moving the stimulating cathode in a proximal direction from the wrist. This delay was, however, too short to allow conduction to the spinal cord and back; this suggests that branching had occurred in motor fibres in the arm, allowing impulses to ascend to the point of branching and then return via the other branch to the muscle.
Responses suggestive of axon branching were found in seven patients with local peripheral nerve lesions and in two patients with generalized peripheral neuropathy.
In four patients with localized lesions the site of axon branching appeared to be below the level of the lesion.
